ABSTRACT The degenerative myopathy known as wooden breast (WB) has been increasingly observed in the breast muscle (PM) of commercial broilers during the last decade. Previous research has demonstrated that WB may be induced or ameliorated by modulating dietary digestible Lys (dLys) concentrations. Two concurrent experiments (Exp) were conducted to verify the effects of feeding 2 diets formulated to 75% and 100% of recommended dLys concentrations from 15 to 25 d of age on production responses and WB incidence (Exp 1), and the characterization of muscle stem cell activity in broilers affected by WB (Exp 2). At 25 and 43 d of age, birds were injected with 5 -bromo-2 -deoxyuridine (BrdU) prior to the collection of PM tissue to label mitotically active cells. Muscle samples were processed for cryosectioning and immunofluorescence staining and microscopy in order to determine myofiber cross-sectional area (CSA), to enumerate Myf-5+ and Pax7+ myogenic stem cell populations, and to determine the mitotic activity (BrdU+) of these populations. The reduced dLys diet produced broilers with differing (P < 0.001) incidences of WB within the same flock (Exp 1), with some detrimental effects on performance and processing characteristics. In Exp 2, broilers with severe WB had increased numbers (P = 0.016) and proportions (P = 0.022) of mitotically active, myogenic stem cells, as well as increased proportions (P < 0.05) of large CSA myofibers relative to broilers unaffected by WB at 25 d of age. At 43 d of age, broilers affected by severe WB had a greater (P = 0.011) total population of myogenic stem cell types (Myf-5+, Pax7+, or Myf-5+:Pax7+) and a concurrent increase (P = 0.007) in the mitotic activity (Myf-5+:BrdU+, and Pax7+:BrdU+, and Myf-5+:Pax7+:BrdU+) of these cells. Additionally, a greater (P < 0.05) proportion of small CSA myofibers was observed in broilers with severe WB. These results provide evidence that myofiber CSA, as well as the heterogeneity and mitotic activity of myogenic stem cell populations were altered in the presence of WB. 
INTRODUCTION
Wooden breast (WB) is a novel myopathy of the pectoralis major (PM; breast fillet) muscles in broiler chickens that is characterized by the replacement of functional skeletal muscle proteins with highly crosslinked collagen at a cellular level, leading to notable changes in the textural characteristics of the whole muscle (Sihvo et al., 2014) . Breast meat not only accounts for as much as 31% of live bird weight in modern broilers, but is also a major source of revenue for broiler integrators. Although WB is a purely aesthetic qual-C 2018 Poultry Science Association Inc.ity defect, with no ramifications on the wholesomeness of breast fillets, it may negatively impact the sensory attributes of raw products, as well as cause issues in further processing Tijare et al., 2016) .
Preliminary research concerning WB has focused predominantly on defining meat quality (Trocino et al., 2015; Tasoniero et al., 2016; Tijare et al, 2016) or histopathological (Sihvo et al., 2014; Soglia et al., 2016; Velleman and Clark, 2015; Clark and Velleman 2016) characteristics of affected tissue. Additionally, some researchers have begun to investigate the genetic basis of WB (Bailey et al., 2015; Mutryn et al., 2015; Velleman and Clark, 2015; Abasht et al., 2016; Clark and Velleman, 2016; Zambonelli et al., 2016) . Velleman and Clark (2015) observed increased transcription of myogenic regulatory factors associated with the proliferation and differentiation of satellite cells (SC) in breast muscle affected by WB. Satellite cells are myogenic stem cells located on the periphery of myofibers, between the basement membrane and the 4401 sarcolemma (Mauro, 1961) . Post-hatch hypertrophic growth of skeletal muscle requires the donation of nuclei from SC to existing myofibers. Additionally, SC mediate the regeneration of myofibers in response to muscle damage (Zammit et al., 2006) . It has been suggested that the rate of breast muscle accretion in modern broilers may inhibit SC activation or exceed the regenerative capacity of the SC population present at hatch, predisposing the muscle tissue to chronic inflammation and degradation (Clark and Velleman, 2016) . However, studies investigating this theory have focused predominantly on in vitro cell culture methodology. To our knowledge, little research has yet been conducted to assess the heterogeneity and mitotic activity of in vivo SC populations within the context of WB.
Although WB occurs spontaneously in multiple commercially available modern broiler strains under a variety of growing conditions worldwide, it can be reliably increased by feeding diets with high amino acid (AA) density (Meloche et al., 2014; Meloche et al., 2018a) . Likewise, strategically reducing the concentration of AA critical to breast muscle accretion, such as digestible Lys (dLys), during specific phases of growth can reduce the incidence of WB (Cruz et al., 2017; Meloche et al., 2018b) . By modulating dietary AA density, it may be possible to produce broilers within the same flock that are differentially affected by WB as a suitable model for an in vivo comparison of SC populations in broilers reared under practical conditions. Therefore, 2 concurrent experiments (Exp) were conducted to verify the effects of the experimental diets on production responses and the incidence of WB (Exp 1) and to allow for characterization of myogenic stem cell populations in the PM muscles of affected and unaffected birds on an individual basis (Exp 2).
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee at Auburn University approved the use of live birds in this experimental protocol (PRN 2016 (PRN -2829 .
Dietary Treatments
In each Exp, a dietary treatment previously shown to reduce the incidence of WB (Meloche et al., 2018b) was applied from 15 to 25 d of age. Broilers received diets provided in 4 phases: starter (1 to 10 d), grower 1 (11 to 14 d), grower 2 (15 to 25 d), and finisher (26 to 40 d). Starter, grower 1, and finisher diets were identical in composition and were formulated to meet or exceed the primary breeder recommendations for all nutrients. Grower 2 treatments consisted of a control formulated at 100% of the primary breeder recommendation for dLys and a reduced density diet formulated at 75% of recommended dLys concentrations (Table 1 ). The experimental grower 2 diets were identical in concentrations of all other nutrients except dLys. Digestible AA values were calculated by multiplying digestibility coefficients (Ajinomoto, 2015) to the calculated total AA content of each ingredient. The control diet for grower 2 was formulated to maintain digestible AA to dLys ratios of 0.51, 0.76, 0.67, 0.76, and 0.68 for dMet, dTSAA, dThr, dVal, and dIle, respectively (Table 2) . Ideal digestible AA ratios to Lys were not maintained in the reduced dLys diet. The reduced dLys diet was created by replacing L-Lys·HCl with builder's sand. This formulation strategy allowed for the deletion of Lys from the diets without altering the concentrations of any other nutrients. Diets were corn-soybean meal-based and contained corn gluten meal and peanut meal as needed to force adequate concentrations of L-Lys·HCl into the diet such that its replacement with sand would produce a 25% reduction in dLys. Corn gluten meal and peanut meal were also utilized in the common starter, grower 1, and finisher diets to minimize the effects of changing ingredients between phases. Feed was provided in crumble form during the starter phase and pelleted thereafter.
Experiment 1
Broiler Husbandry A total of 600 newly hatched Yield Plus × Ross 708 (Aviagen Inc., Huntsville, AL) male broiler chicks were obtained from a commercial hatchery and vaccinated for Marek's disease, Newcastle disease, and infectious bronchitis. Chicks were randomly distributed into 24 floor pens (25 birds per pen; 0.08 m 2 /bird) and reared in a solid-sidewall facility with thermostatically controlled ventilation. Each pen was equipped with a hanging feeder, a nipple drinker line, and used litter. Birds consumed feed and water on an ad libitum basis. At placement, ambient temperature was set at 32.5
• C and reduced to maintain bird comfort as they aged, with a final set point of 20
• C. Birds were exposed to a 23L:1D photoperiod from placement to 7 d of age, followed by an 18L:6D photoperiod for the remainder of the experiment. Light intensity was set at 30 lx from 1 to 7 d of age, 10 lx from 8 to 14 d of age, 5 lx from 15 to 24 d of age, and 3 lx from 25 to 48 d of age. Light intensity settings were verified at bird level (30 cm) using a photometric sensor with National Institute of Standards and Technology-traceable calibration (403125, Extech Instruments, Waltham, MA) for each intensity adjustment.
Measurements Birds and feed were weighed by pen at 1, 15, 25, and 40 d of age for the determination of BW gain (BWG) and feed intake (FI). Mortality was recorded daily and feed conversion ratios (FCR) were corrected for mortality. Prior to the experimental period (15 d of age), broilers were reallocated to achieve 24 birds per pen. At 40 d of age, broilers were wingbanded for individual identification and feed was removed for a 12-h withdrawal period prior to processing. The following day, all birds were placed in coops, transported (Ajinomoto, 2004) .
2 AME n = nitrogen-corrected apparent metabolizable energy.
to the Auburn University Pilot Processing Plant, electrically stunned, exsanguinated, scalded, picked, and manually eviscerated. Carcasses were chilled on ice for 3 h prior to measuring carcass and abdominal fat pad weights. The front halves of the carcasses were then packed in ice for 18 h. The weights of the PM (boneless breast) and pectoralis minor (tender) muscles were recorded after excision by commercial deboners. Carcass and breast yields, as well as abdominal fat percentage, were calculated relative to live BW at 40 d of age. The PM muscles of each bird were visually assessed and scored on a 3-point scale (0 = none; 1 = mild; 2 = severe) for WB. All fillets were scored by the same evaluator. The defect was considered "mild" if palpable hardness was present in less than half the total fillet surface area, but was considered "severe" if it exceeded this limit. Statistical Analysis Dietary treatments arranged in a randomized complete block design with pen as the experimental unit and pen location as the blocking factor.
Treatment and WB effects on live performance and processing characteristics were subject to analysis of variance using PROC MIXED of SAS 9.3 (SAS Institute, 2009 ) by the following mixed-effects model:
where μ.. is the overall mean; the ρ i are identically and independently normally distributed random block effects with mean 0 and variance σ 2 ρ ; the τ j are the fixed factor level effects corresponding to the jth treatment or WB severity category such that Στ j = 0; and the random errors ε ij are identically and independently normally distributed with a mean 0 and a variance σ. For live performance and processing characteristics, each dietary treatment was represented by 12 replicate pens (24 birds/pen).
Proportions of affected fillets in each scoring category were analyzed by PROC GLIMMIX (SAS Institute, 2009) using the events/experiments syntax with a binomial distribution and R-side covariance structure. Where applicable, residuals were visually assessed to ensure normality and nonnormal data were transformed prior to analysis. For all hypothesis tests, statistical significance was considered at P ≤ 0.05.
Experiment 2
Broiler Husbandry A total of 480 Yield Plus × Ross 708 (Aviagen Inc.) male broiler chicks were obtained from a commercial hatchery. These chicks were contemporaries of those utilized concurrently in Exp 1. Chicks were vaccinated for Marek's disease, Newcastle disease, and infectious bronchitis at the hatchery. Until 6 d of age, chicks were housed in groups of 8 in raised pens (0.03 m 2 /bird) located in a solid-sided research facility with thermostatically controlled ventilation. Each pen was equipped with individual feeders, 2 water nipples, and clean wood shavings. At 7 d of age, all chicks were weighed and the upper and lower 12% of the BW range were excluded from the Exp. The remaining 360 chicks were identified using wing bands and allocated by weight into the individual-housing pens (0.20 m 2 /bird) previously described above. Birds consumed feed and water on an ad libitum basis. At placement ambient temperature was set at 32.5
• C and reduced to maintain bird comfort as birds aged, with a final set point of 20
• C. Birds were exposed to a 23L:1D photoperiod from placement to 7 d of age, followed by an 18L:6D photoperiod for the remainder of the experiment. Light intensity was set at 30 lx from 1 to 7 d of age, 10 lx from 8 to 14 d of age, 5 lx from 15 to 24 d of age, and 3 lx from 25 to 48 d of age. Light intensity settings were verified at bird level (30 cm) using a photometric sensor with National Institute of Standards and Technologytraceable calibration (403125, Extech Instruments) for each intensity adjustment.
Growth Performance Birds and feed were weighed on an individual basis at 1, 15, 25, and 40 d of age for the calculation of BWG and FI. Mortality was recorded daily and FCR were corrected for mortality.
Bromodeoxyuridine Injection and Muscle Tissue Collection At 25 and 43 d post-hatch, 1 h prior to harvest, 25 birds per treatment were weighed and injected intraperitoneally with an aqueous solution (25 mg/mL) of 5 -bromo-2 -deoxyuridine (BrdU; Alfa Aesar, Haverhill, MA; pH of 8.0; 100 μg of BrdU per g of body weight) to label mitotically active cells as described by Hutton et al. (2014) . After BrdU injection, birds were placed in disposable containers for no longer than 1 h to allow mitotically active cells to incorporate the BrdU and become labeled for subsequent detection by immunohistochemistry and fluorescence microscopy. At the end of the cell-labeling period, birds were euthanized by CO 2 asphyxiation followed immediately by cervical dislocation and the PM muscles were excised, weighed, and samples were taken from the anteroventral area and processed for the cryohistological analyses according to procedures adapted from Hutton et al. (2014) .
Cryohistological Analysis Samples collected from the left PM were coated in talc, snap frozen in liquid nitrogen, and subsequently stored at −80
• C. After being held at −20
• C for 24 h, samples were embedded in frozen section compound (VWR International, Westchester, PA) and cryosectioned using a Leica CM 1950 cryomicrotome. Serial cross-sections (5-μm thickness) were cut from each PM sample, mounted on positively charged glass slides (VWR International), and stored at 4
• C prior to immunofluorescence staining. Immunofluorescence Staining Cryosections were fixed and stained according to the methods of Day et al. (2009) and Hutton et al. (2014) with minor modifications as described below. All procedures were conducted at room temperature in unless otherwise noted. Slides were rehydrated in phosphate buffered saline (PBS, pH 7.4; Invitrogen, Carlsbad, CA) for 10 min, fixed in paraformaldehyde (4% in PBS; VWR International) for 10 min, and then rinsed twice in PBS. Cryosections were then exposed to 0.5% Triton X-100 (VWR International) to permeabilize the cell membranes. Tissue sections were incubated in a blocking solution of 10% horse serum (Sigma-Aldrich), 2% bovine serum albumin (VWR International), and 0.2% Triton X-100 in PBS for 30 min in order to block non-specific antibody binding. Antibody reactions were conducted in a dark, humidified box. Primary antibodies diluted with blocking solution were allowed to react with tissue samples for 1 h, followed by rinsing 3 times for 5 min per rinse in PBS. Likewise, secondary antibodies diluted with blocking solution were allowed to react with tissue for 30 min followed by rinsing 3 times for 5 min per rinse in PBS. All slides were briefly exposed to 4 ,6-diamidino-phenylindole (DAPI; 1 μg/mL; VWR International) and immediately rinsed twice in PBS. Slides were mounted using fluorescence mounting media with Tris buffer (Fluoro-gel, Electron Microscopy Sciences, Hatfield, PA) and thin glass coverslips (VWR International), then permanently sealed with clear fingernail polish (Sally Hansen, New York, NY), and allowed to dry at room temperature prior to digital photomicroscopy. All cryosections were digitally imaged within 72 h of immunofluorescence staining.
Primary and Secondary Antibodies Control cryosections processed in the manner described above, but without adding either primary or secondary antibodies, were used to ensure that no fluorescence signal beyond natural autofluorescence was observed for the selected combination of antibodies described below.
Primary antibodies were as follows: rabbit polyclonal anti-C terminus human Myf-5 ( Fluorescence Photomicroscopy and Digital Image Analysis Immunofluorescence-stained cryohistological slides were imaged at ×200 magnification using a semi-automated inverted fluorescence microscope (Nikon Eclipse Ti-U; Nikon Instruments, Inc., Mellville, NY) equipped with a solid-state LED light source (Lumencor SOLA Sm II 365 light engine). Images were captured and analyzed using an Evolve 512 EMCCF camera (Photometrics, Tuscon, AZ) and the Basic Research version of Elements software (Nikon Instruments, Inc.). A representative image was captured from each slide. Cross-sectional area (CSA) was measured for every myofiber contained entirely within the image and expressed on a square micron basis. To assess the heterogeneity of the myogenic stem cell pool, the total number of Myf-5+, Pax7+, Myf-5+: Pax7+, Myf-5+: BrdU+, Pax7+: BrdU+, and Myf-5+: Pax7+: BrdU+ cells were enumerated for each image. The total number of DAPIstained nuclei was counted in each image as a measure of nuclear density. All cell and nuclear densities are presented on a per square micron basis.
Statistical Analysis Performance data were evaluated as a randomized complete block design with each pen (1 bird/pen) as the experimental unit and pen location as the blocking factor. Treatment and WB effects on live performance were subject to analysis of variance using PROC MIXED of SAS 9.3 (SAS Institute, 2009) using the mixed-effects model described above for Exp 1. When separating means using unbalanced data (i.e., WB scores), the highest standard error of the pairwise comparisons is given in lieu of the standard error of the mean. Dietary effects were represented by 25 replicate pens (birds) per treatment at each tissue collection date. Wooden breast scores of 0, 1, and 2 were replicated by 20, 23, and 6 birds, respectively at the 25 d of age and 12, 17, and 16 birds, respectively, at 43 of age. Analysis of treatment and WB effects on the absolute counts of specific cell types per square millimeter were conducted in PROC MIXED with BW as a covariate. Treatment and WB effects on the proportions of specific cell types were conducted in PROC GLIMMIX using the events/experiments syntax with a binomial distribution and BW as a covariate. Likewise, treatment and WB effects on the relative distribution of myofiber CSA were analyzed within each histogram bin in PROC GLIMMIX using the events/experiments syntax with a binomial distribution and BW as a covariate. Where applicable, residuals were visually assessed to ensure normality and nonnormal data were transformed prior to analysis. For all hypothesis tests, statistical significance was considered at P ≤ 0.05.
RESULTS AND DISCUSSION
In each experiment, there were no differences (P > 0.05) among treatment groups prior to the experimental period (1 to 11 d).
Experiment 1
Live Performance At 40 d of age, birds achieved final BW of 3.03 and 2.85 kg for 100% control group and those consuming 75% reduced dLys diet, respectively (Table 3) . Broilers receiving the reduced dLys diet from 15 to 25 d of age had reduced (P = 0.008) BWG and FI relative to the control. No differences (P > 0.05) in FCR or mortality were observed between treatments. In contrast, Cruz et al. (2017) fed a common starter diet formulated at 1.34% dLys followed by 6 diets varying solely in dLys (0.77 to 1.17% in increments of 0.08%) to male Cobb × Cobb 500 broilers from 12 to 28 d of age. Multiplying the dLys concentration fed in each phase by the number of days each diet was fed as a proportion of the period of interest results in a weighted dLys concentration across phases. For example, the 6 diets utilized by Cruz et al. (2017) had dLys concentrations of 1.02 to 1.21% in increments of 0.04% for the entire 1 to 35 d period. These authors determined that feeding a weighted dLys concentration of 1.05 from 1 to 40 d resulted in reduced BW at 35 d of age relative to broilers receiving a diets containing 1.13% weighted dLys. These diets are comparable to the weighted dLys content of the diets fed to the reduced density group (1.05%) and control group (1.12%) from 1 to 40 d in the current study. In contrast, Meloche et al. (2018b) fed identical diets (1.09 and 0.82% dLys) to broilers from 12 to 26 d of age, but did not observe any differences in BWG or FI at 47 d of age. It is likely that All birds received common starter, grower 1, and finisher diets that were formulated to meet or exceed the primary breeder recommendations for all nutrients. Grower 2 treatments consisted of a control formulated at 100% of the primary breeder recommendation for dLys and a reduced density diet formulated at 75% of recommended dLys concentrations. The experimental grower 2 diets were identical in concentrations of all other nutrients except dLys. Ideal digestible amino acid ratios to Lys were not maintained in the reduced dLys diet.
3 SE = standard error of the treatment difference. 4 Carcass yield, breast yield, and abdominal fat percentage were calculated using 40 d live weight. 5 After deboning, the pectoralis major muscles of each bird were palpated and scored on a 3-point scale (0 = none; 1 = mild; 2 = severe) for severity of wooden breast.
processing at an earlier age (40 d) in the current study resulted in a greater impact of the reduced dLys diet on live performance, as birds had a shorter interval to compensate during the common finisher phase.
Processing Characteristics The reduced dLys group also had lower (P < 0.01) carcass weights and yields, as well as reduced (P < 0.001) breast weights and yields compared with the control (Table 3) . However, broilers receiving diets formulated at 75% of recommended dLys concentrations had increased (P < 0.05) abdominal fat weights and percentages. The effects of reduced dietary dLys on abdominal fat deposition have been previously observed (Mack et al. 1999; Dozier et al. 2010) . For processing characteristics, Cruz et al. (2017) likewise reported reduced carcass weights, breast fillet weights, and breast yields at 35 d of age for broilers receiving weighted dLys concentrations comparable to that of the reduced density diet fed from 1 to 41 d of age in the current study, relative to the processing characteristics of broilers receiving a diet similar in weighted dLys to that of the control group in the current study. As with live performance, Meloche et al. (2018b) did not observe any differences in carcass weights, carcass yields, or abdominal fat weights and percentages at 48 d of age between broilers fed diets identical (1.09 and 0.82% dLys) to those in the current study from 12 to 25 d of age. However, these authors did report reduced breast weights and yields when evaluating broilers fed the comparable diets. The disparity in the results of these 2 similar studies is likely attributable to the differences in phase length and target body weight at slaughter, as the dLys concentrations used in both studies were identical.
Wooden Breast Myopathy Scoring Figure 1 illustrates the incidence of each severity score for both All birds received common starter, grower 1, and finisher diets that were formulated to meet or exceed the primary breeder recommendations for all nutrients. Grower 2 treatments consisted of a control formulated at 100% of the primary breeder recommendation for dLys and a reduced density diet formulated at 75% of recommended dLys concentrations. The experimental grower 2 diets were identical in concentrations of all other nutrients except dLys. Ideal digestible amino acid ratios to Lys were not maintained in the reduced dLys diet. SEM = pooled standard error of the mean.
dietary treatments. The overall flock incidences of normal, mild, and severe scores for WB were 33.6, 27.6, and 38.8%, respectively. The application of the reduced dLys diet from 15 to 25 d of age was intended to alter the growth trajectory of the birds during that phase such that a reduction in WB incidence and severity would occur at 40 d of age. Broilers receiving diets formulated at 75% of recommended dLys concentrations from 15 to 25 d of age had reduced (P < 0.001) incidence of severe scores (58.6 vs. 19.7%) relative to the control. Meloche et al. (2018b) reported a more modest reduction in severe scores (36.6 vs. 20.8%) at 48 d of age in broilers receiving diets identical to those in the current study from 12 to 26 d of age. These authors attributed the reduction in severe WB to a loss of 1% breast yield as a result of reduced dLys intake. In the current study, reduced dLys diets resulted in a 1.5% loss of breast yield, perhaps contributing to the greater reduction in severe WB observed at 41 d of age. Interestingly, Cruz et al. (2017) did not observe any differences in WB score at 35 d of age among broilers receiving diets comparable in weighted dLys content to those of the current study. The lower overall incidence of WB observed by these authors, particularly severe scores, may have obscured the treatment effects at 35 d of age.
The results of Exp 1 indicate that the dietary treatment applied from 15 to 25 d of age was successful in producing subpopulations of broilers with higher and lower incidences of WB within the same flock. However, the diets did have a detrimental effect on performance and processing characteristics. Nevertheless, the ability to ensure the presence of a sufficient number of affected and unaffected birds within a given flock was necessary for tissue collections conducted to evaluate myogenic stem cell populations in vivo on an individual basis, as in Exp 2.
Experiment 2
Among the birds selected for tissue collection at 25 and 42 d of age, the diets utilized in Exp 1 were successful in altering the observed proportions of normal, mild, and severe WB (Figure 2 ). There were sufficient numbers of birds in each scoring category to allow for comparisons of myogenic stem cell heterogeneity, mitotic activity, and myofiber CSA on the basis of both dietary treatment and WB score.
Growth Performance Broilers selected for tissue sampling at 25 d of age had reduced (P < 0.001) BW and average daily gain (ADG) and increased (P < 0.001) FCR from 15 to 25 d of age when they consumed diets formulated at 75% of recommended dLys concentrations (Table 4) . Additionally, broilers assigned to the reduced dLys diet had decreased (P < 0.001) PM weights. Live performance also varied concurrently with WB score, with higher (P < 0.05) BW, ADG, and PM weights for birds affected by severe WB vs. those unaffected by WB. It should be noted that, due to the progressive degenerative nature of WB, broilers are less likely to exhibit symptoms of severe WB at 25 d of age. In the current study, only 6 of the selected birds were assigned a severe score at 25 d of age. Sihvo et al. (2017) observed increasing macroscopic and histological severity of WB with increasing age from 10 to 42 d of age. These authors also noted that, similar to the current study, few of the affected fillets at 24 d of age or less were categorized as severe on the basis of histological findings. All birds received common starter, grower 1, and finisher diets that were formulated to meet or exceed the primary breeder recommendations for all nutrients. Grower 2 treatments consisted of a control formulated at 100% of the primary breeder recommendation for dLys and a reduced density diet formulated at 75% of recommended dLys concentrations. The experimental grower 2 diets were identical in concentrations of all other nutrients except dLys. Ideal digestible amino acid ratios to Lys were not maintained in the reduced dLys diet.
Myogenic Stem Cell Mitotic Activity At 25 d of age, PM samples collected from broilers receiving diets formulated at 75% of dLys recommendations had greater (P = 0.013) numbers of non-myogenic cells, which included those that were not positive for either Myf-5 or Pax7 (Table 5 ). In contrast, PM tissue from the control group had a higher (P = 0.028) concentration of mitotically active myogenic stem cells (Myf-5+: BrdU+, Pax7+: BrdU+, and Myf-5+: Pax7+: BrdU+) as a proportion to the total number of nuclei (DAPI+; Table 6 ). Increased mitotic activity of myogenic stem cells in the control group may be due to the increased ADG in response to high dietary AA density.
Tissue from broilers with severe WB had increased (P < 0.05) numbers of all mitotically active cells (BrdU+), mitotically active Myf-5+ cells, and total mitotically active myogenic stem cells (Myf-5+: BrdU+, Pax7+: BrdU+, and Myf-5+: Pax7+: BrdU+) relative to PM samples from broilers without WB (Table 7) . Furthermore, mitotically active myogenic stem cells were also increased (P = 0.030) as a proportion of total nuclei (DAPI+) and as a proportion of total myogenic (Myf-5+, Pax7+, or Myf-5+: Pax7+; P = 0.027) cells in the PM of broilers with severe WB relative to those unaffected by WB (Table 8 ). These differences are predominantly attributable to the mitotic 2 Broilers received diets provided in 4 phases: starter (1 to 10 d), grower 1 (11 to 14 d), grower 2 (15 to 25 d), and finisher (26 to 40 d). All birds received common starter, grower 1, and finisher diets that were formulated to meet or exceed the primary breeder recommendations for all nutrients. Grower 2 treatments consisted of a control formulated at 100% of the primary breeder recommendation for dLys and a reduced density diet formulated at 75% of recommended dLys concentrations. The experimental grower 2 diets were identical in concentrations of all other nutrients except dLys. Ideal digestible amino acid ratios to Lys were not maintained in the reduced dLys diet. 3 The pectoralis major muscles of each bird were visually assessed and scored on a 3-point scale (0 = none; 1 = mild; 2 = severe) for wooden breast. 4 SE = highest standard error of the pairwise comparisons. a,b,c Means within the same row that do not share a common superscript are significantly different (P ≤ 0.05). 1 Total = Every cell positive for the specified immunofluorescence target, regardless of the status of other targets; non-myogenic = not positive for Myf-5, Pax7, or any combination thereof; Inactive = mitotically inactive as indicated by lack of BrdU reactivity; active = mitotically active as indicated by BrdU+; myogenic = positive for Myf-5, Pax7, or any combination thereof.
2 DAPI = 4 6-diamindino-phenylindole. All subsequent populations may be assumed to be DAPI+; BrdU = 5 -bromo-2 -deoxyuridine. 3 SE = highest standard error of the pairwise comparisons. 1 Total = Every cell positive for the specified immunofluorescence target, regardless of the status of other targets; non-myogenic = not positive for Myf-5, Pax7, or any combination thereof; inactive = mitotically inactive as indicated by lack of BrdU reactivity; active = mitotically active as indicated by BrdU+; myogenic = positive for Myf-5, Pax7, or any combination thereof. DAPI = 4 6-diamindinophenylindole. All subsequent populations may be assumed to be DAPI+; BrdU = 5 -bromo-2 -deoxyuridine.
2 SE = highest standard error of the pairwise comparisons. Table 8 . Effects of wooden breast severity on relative density (%) and mitotic activity of Myf-5+ and Pax7+ myogenic stem cells in the pectoralis major at 25 d of age, Experiment 2. 1 The pectoralis major muscles of each bird were visually assessed and scored on a 3-point scale (0 = none; 1 = mild; 2 = severe) for wooden breast.
2 Total = Every cell positive for the specified immunofluorescence target, regardless of the status of other targets; non-myogenic = not positive for Myf-5, Pax7, or any combination thereof; inactive = mitotically inactive as indicated by lack of BrdU reactivity; active = mitotically active as indicated by BrdU+; myogenic = positive for Myf-5, Pax7, or any combination thereof. DAPI = 4 6-diamindino-phenylindole. All subsequent populations may be assumed to be DAPI+; BrdU = 5 -bromo-2 -deoxyuridine.
3 SE = highest standard error of the pairwise comparisons. a,b Means within the same row that do not share a common superscript are significantly different (P ≤ 0.05).
activity of Myf-5+ cells, as broilers affected by severe WB also had increased Myf-5+: BrdU+ cells as a proportion of all Myf-5+ cells. No such variations were observed in the number or activity of the Pax7+ cell population. These observations fit well with the proposed upregulation of myogenic cell activity in the regeneration of damaged myofibers in broilers affected by WB (Velleman and Clark, 2015) . At 43 d of age, broilers selected for tissue collection had similar (P > 0.05) BW, ADFI, and ADG, from 15 to 43 and 25 to 43 d of age, regardless of dietary treatment (Table 9 ). However, broilers consuming diets formulated to 75% of recommended dLys concentrations had increased (P = 0.029) FCR from 15 to 43 d of age. This effect was not observed on FCR from 25 to 43 d of age, indicating that the detrimental effects of feeding reduced dLys concentrations were isolated to the 15 to 25 d experimental period, but nevertheless negatively impacted overall FCR at 43 d of age. Although both treatment groups attained similar BW at 43 d of age, broilers consuming the reduced dLys diet had smaller (P = 0.041) PM muscles. Relative to other muscles, the PM in modern broilers is particularly sensitive to dietary dLys, with increased protein turnover occurring in response to reduced dLys concentrations (Tesseraud et al., 2001) . Although other portions of the carcass were not assessed in the current study, it is likely that the broilers on the reduced dLys diets accreted greater proportions of other muscles, such as those in the thigh and leg, as these muscles are not as severely affected by dietary dLys concentrations. No differences in live performance characteristics were observed among birds varying in WB score. Although WB is often associated with higher BW at slaughter , it is possible that affected and unaffected broilers in the current study attained similar BW at 43 d of age, but broilers receiving reduced dLys diets from 15 to 25 d of age did so less efficiently. Temporarily altering the growth trajectory during this critical window may have slowed the progress of myopathy, resulting in broilers of a similar BW to the control without developing the severe WB observed in the control birds.
No differences in density of the various cell types or proportions at 43 d of age were observed as a result of dietary treatment (Tables 10 and 11 ). Interestingly, despite no differences in live performance, there were substantial differences in the cell populations of interest among broilers affected by varying degrees of WB (Table 12) . Broilers affected by severe WB had increased numbers of nuclei (DAPI+; P = 0.050). Additionally, PM muscles with severe WB had a greater number total number of cells expressing Myf-5 (P = 0.034). However, these differences were due to increases in the number of double positive (Myf-5+: Pax7+) cells concurrently expressing Myf-5 and Pax7 (P = 0.017), as the number of non-proliferative myogenic stem cells expressing Myf-5 only was similar among all WB scores. Similarly, these PM samples also had a greater total number of cells expressing Pax7 (P = 0.006), with increases in nonproliferative myogenic stem cells expressing Pax7 only (P = 0.041) as well as the aforementioned (Myf-5+: Pax7+) cells.
Broilers affected by severe WB had increased total numbers of mitotically active cells (BrdU+, P = 0.010; Table 12 ). The difference in total mitotically active cells was attributed to increased active Myf-5: Pax7-positive myogenic stem cells. These cells not only increased in number (P = 0.008), but also as a proportion (P = 0.049) of all double positive, Myf-5+: Pax7+ cells, indicating the activation of this population of myogenic stem cells in broilers affected by WB (Table 13) . As a whole, these results indicate an increase (P = 0.011) in the total population of myogenic cell types (Myf-5+, Pax7+, or Myf-5+: Pax7+) and a concurrent increase (P = 0.007) in the mitotic activity of these cells (Myf-5+: BrdU+, Pax7+: BrdU+, and Myf-5+: Pax7+: BrdU+). Although there is relatively little information available about these populations of myogenic SC in broiler chickens, these results are in agreement with previously observed increases in the expression of the myogenic regulatory factors MyoD and myogenin in broilers affected with WB (Velleman and Clark, 2015) . These regulatory factors are expressed by SC during proliferation and 1 Total = Every cell positive for the specified immunofluorescence target, regardless of the status of other targets; non-myogenic = not positive for Myf-5, Pax7, or any combination thereof; inactive = mitotically inactive as indicated by lack of BrdU reactivity; active = mitotically active as indicated by BrdU+; myogenic = positive for Myf-5, Pax7, or any combination thereof.
2 SE = highest standard error of the pairwise comparisons.
differentiation, respectively, and have been associated with regenerative responses to myofiber damage (Velleman and Clark, 2015) . Increased activity of the myogenic SC populations indicates that these cells are functioning in a reparative capacity in tissue affected by WB. However, Daughtry et al. (2017) determined that cultured SC from the largest BW broilers in a given population had decreased capacity for in vitro differentiation and fusion compared with SC isolated from their smaller contemporaries at 56 d of age.
Although the results of the current study indicate that a large population of active myogenic SC exists in tissue affected by severe WB, it is possible that these SC are not fully capable of normal differentiation and fusion, impeding muscle regeneration in response to an injury as observed by Daughtry et al. (2017) .
Myofiber Cross-Sectional Area At 25 d of age, differences in the distribution of observed myofiber CSA in the broilers selected for tissue sampling occurred due to dietary treatment as well as the presence of WB ( Figure 3A) , even after including BW as a covariate to account for its significant influence. Broilers receiving the reduced dLys diet had a left-skewed CSA distribution with decreased spread relative to that of the control group. These results correspond well with the live performance data, as broilers receiving the control diet were heavier at the end of the 15 to 25 d experimental period and had a greater (P < 0.05) proportion of myofibers in the larger CSA range. Broilers affected by severe WB had decreased (P < 0.05) proportions of smaller CSA myofibers, whereas broilers without WB had decreased (P < 0.05) proportions of larger CSA myofibers ( Figure 3B ). Muscle tissue affected by WB The pectoralis major muscles of each bird were visually assessed and scored on a 3-point scale (0 = none; 1 = mild; 2 = severe) for wooden breast.
2 Total = Every cell positive for the specified immunofluorescence target, regardless of the status of other targets; non-myogenic = not positive for Myf-5, Pax7, or any combination thereof; inactive = mitotically inactive as indicated by lack of BrdU reactivity; active = mitotically active as indicated by BrdU+; myogenic = positive for Myf-5, Pax7, or any combination thereof.
3 DAPI = 4 6-diamindino-phenylindole. All subsequent populations may be assumed to be DAPI+; BrdU = 5 -bromo-2 -deoxyuridine. 4 SE = highest standard error of the pairwise comparisons. a,b Means within the same row that do not share a common superscript are significantly different (P ≤ 0.05). often has increased numbers of giant myofibers (Sihvo et al., 2017) , although such myofibers may occur normally in modern broilers as well. However, the broilers receiving reduced dLys diets in the current study had less accretion of breast muscle at slaughter in Exp 1 as well as at 25 d of age in Exp 2, reducing their likelihood of having large myofibers and skewing the distribution due to a smaller average CSA. The distribution of myofiber CSA in the PM of broilers selected for tissue collection at 43 d of age was not affected (P > 0.05) by dietary treatment (Figure 4A ). At this point, the effects of the reduced dLys diets fed during the 15 to 25 d experimental period were no longer apparent, resulting in similar distributions of CSA. In contrast to the results at 25 d of age, broilers affected by severe WB had increased (P < 0.05) proportions of smaller CSA myofibers relative to those unaffected by WB at 43 d of age ( Figure 4B ). These results are likely reflective of the degenerative progression of WB, which increases in severity over time. As myofibers degenerate, they are replaced by regenerating myofibers of smaller diameter, causing an increase in the proportion of small myofibers observed in broilers with severe WB. Increased regenerating fibers in severe Figure 3 . Distribution of myofiber cross-sectional areas in pectoralis major muscles of male Yield Plus × Ross 708 broiler chickens selected for tissue sampling at 25 d of age after receiving diets formulated at 100% or 75% of recommended dLys concentrations from 15 to 25 d of age (Experiment 2). Myofibers are clustered in bin intervals of 500 μm 2 . Treatment effects (A) and effects of wooden breast (B) were evaluated using PROC GLIMMIX on the proportion of total myofibers in each bin with BW as a covariate ( * P < 0.05). a,b Means within the same bin that do not share a common superscript are significantly different (P ≤ 0.05).
WB, in combination with the aforementioned increases in myogenic stem cell activity, indicates that WB is likely not caused by absence or complete dysfunction of SC, but rather by excessive demand upon an impaired regenerative process.
In conclusion, manipulation of dietary density successfully produced broilers with varying degrees of WB as a model for investigating myogenic cell populations on an individual bird basis. The heterogeneity and mitotic activity of Myf-5+ and Pax7+ myogenic stem cell populations were altered in the presence of WB. Additionally, broilers affected by severe WB had markedly different CSA distributions as a result of the widespread myofiber degeneration and regeneration associated with the progression of this myopathy. Although the mechanism by which these changes occur is not yet understood, these insights may direct the focus of future investigations into the role of other cell populations within the muscle during the development of WB. Establishing a basic understanding of the etiology of WB is critical to support future research aimed at developing practical nutrition and management interventions to reduce its costly prevalence in the broiler industry. 
